Previously derived Lane consistent dispersive coupled-channel optical model for nucleon scattering on 232 Th and 238 U nuclei is extended to describe scattering on even-even actinides with Z =90-98. A soft-rotator-model (SRM) description of the low-lying nuclear structure is used, where SRM Hamiltonian parameters are adjusted to the observed collective levels of the target nucleus. SRM nuclear wave functions (mixed in K quantum number) have been used to calculate coupling matrix elements of the generalized optical model. The "effective" deformations that define inter-band couplings are derived from SRM Hamiltonian parameters. Conservation of nuclear volume is enforced by introducing a dynamic monopolar term to the deformed potential leading to additional couplings between rotational bands. Fitted static deformation parameters are in very good agreement with those derived by Wang and collaborators using the Weizsäcker-Skyrme global mass model (WS4), allowing to use the latter to predict cross section for nuclei without experimental data. A good description of scarce "optical"experimental database is achieved. SRM couplings and volume conservation allow a precise calculation of the compound-nucleus formation cross sections, which is significantly different from the one calculated with rigid-rotor potentials coupling the ground-state rotational band. Derived parameters can be used to describe both neutron and proton induced reactions.
I. INTRODUCTION
Actinide nuclei are a major long-term radiological concern in nuclear reactor waste, and their neutron-induced cross sections are very important for safety calculations of advanced reactor systems. However, experimental information for actinides is rather scarce if we exclude so called major actinides ( 235 U, 238 U, 239 Pu, and 232 Th). Therefore, actinide cross sections for applications should be estimated using theoretical predictions with models that have been "calibrated" to existing data of better measured major actinides.
Optical model potential (OMP) based on coupled channels calculations is the key ingredient for such predictions, providing total neutron cross sections, direct elastic and inelastic nucleon scattering cross sections and their angular distributions for (n, n)-, (p, n)-and (p, p)-reactions, compound nucleus (CN) formation cross section and nucleon transmission coefficients. The latter are used for nucleon-induced reaction calculations with pre-equilibrium and equilibrium statistical decay models.
Regional optical models based on rigid rotor coupling of the ground-state rotational band (e.g., see Refs. [1] [2] [3] and references therein) have been traditionally used to calculate optical observables of actinides for nucleon induced reactions. Needs of more accurate data for fast reactors require improving the description of scattering * Corresponding author, electronic address: r.capotenoy@iaea.org data at incident neutron energies from a few keV up to [5] [6] MeV to cover the region with the maximum yield of fission neutrons. While the energies of excited states of the ground-state band of even-even actinides below 500 keV are well described by a rigid rotor model, above 500 keV several vibrational bands are observed that need to be considered [4] [5] [6] [7] .
A dispersive and Lane consistent OMP with extended couplings was derived for coupled-channels calculations of nucleon-induced reactions on major actinides -232 Th, 233 U, 235 U, 238 U, and 239 Pu [8] . Derived potential addressed short-comings of rigid-rotor potentials. Rotational bands were built on vibrational bandheads for eveneven targets including both axial and nonaxial dynamical deformations. These additional excitations were introduced as a perturbation to the underlying axially symmetric rigid-rotor structure of the ground-state rotational band. However, the inter-band coupling strengths were not predicted but fitted to available experimental data [8] . Additionally, the nuclear volume was not conserved for introduced vibrational excitations.
The soft rotator model (SRM) of nuclear structure has been successfully applied in coupled-channels optical model analyses for nucleon induced reactions on many nuclei [9] [10] [11] . However, only recently we were able to derive a dispersive coupled-channels optical model potential for actinides based on soft-rotator couplings [12, 13] with volume conservation and saturated coupling scheme. The use of the SRM allowed to derive the inter-band coupling strengths from the low-lying nuclear structure of the even-even target nucleus as shown for Ref. [12] . Saturated couplings [13] were also shown to be important for an accurate prediction of the compoundnucleus formation cross sections, which is a key quantity (though not directly measurable) for statistical decay model calculations. Moreover, total cross section differences of 232 Th and 238 U were well described [12] , which is a very stringent test for the isovector component of the potential. Therefore, the same OMP can be used to describe nucleon-induced reactions on target nuclei with different number of neutrons and protons.
The aim of this work is to show that, as a further step, the developed formalism can be extended to describe nucleon induced reactions on other even-even actinides with incomplete experimental information on their level schemes and/or optical model observables. Previously derived OMP [12, 13] will be combined with comprehensive level schemes estimated using a soft-rotator Hamiltonian, and equilibrium nuclear deformations from global mass models will be used [14, 15] .
II. OPTICAL MODEL POTENTIAL WITH MULTIPLE BAND COUPLING
A dispersive coupled-channel optical model with extended couplings based on the SRM [12, 13] has been implemented into the OPTMAN code [16, 17] to calculate cross section for nucleon induced reactions. A Lane consistent formulation of the generalized optical model [18] is used with dispersive integrals calculated analytically [19, 20] . A consistent estimation of the CN formation cross section of even-even targets typically requires the coupling of ground state (GS) band levels up to 10 + and levels of rotational bands built on octupole, quadrupole β-and γ-vibrational excitations, and nonaxial (K ≈ 2) bands [13] .
The main assumption of this work is that the dispersive OMP used to describe nucleon scattering on even-even actinides is essentially independent of the nuclear structure.
The individual nuclear structure is accounted for by the parameters of the corresponding SRM Hamiltonian that properly describes the low-lying collective level scheme (including the multi-band coupling strengths) and, of course, by the individual equilibrium deformation parameters and Fermi energies. The SRM [21] nuclear Hamiltonian parameters had been fitted for even-even actinides with Z =90-98 that feature sufficient level data [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Details of the fitting method and a related discussion of obtained parameters will be published elsewhere. Derived SRM Hamiltonian parameters are listed in Table I .
Having determined the SRM Hamiltonian parameters, it is possible to use the OMP from Ref. [12] for predicting the optical observables of nucleon-induced reactions on even-even actinides of interest, the majority of which have very scarce or absent "optical" experimental data. However, we still need to define the GS nuclear static (equilibrium) deformation parameters. For those nuclei, where experimental data are abundant, deformation parameters β 2 , β 4 and β 6 are fitted to the available data (which is labeled in figures below as "nd2016 (best fit)" ). GS equilibrium deformations estimated within global nuclear mass models -the Finite Range Droplet Model (FRDM2012) [14] and the Weizsäcker-Skyrme (WS4) model [15] -can also be used to predict optical observables if no experimental data are available to fit the deformations. Global equilibrium deformations are labeled in figures below as "nd2016+FRDM" and "nd2016+WS4", respectively. Nuclei listed in Table II are the only even-even actinides with measured optical data above the resonance energy region. Therefore, these four nuclei can be used as a natural benchmark to check the predictive power of FRDM2012 and WS4 deformation parameters against the best-fit deformation parameters listed in Table II. For all calculated targets we used the saturated level scheme, which was previously tested for 238 U and 232 Th [13] . The (coupled) level energies employed in our coupled-channel calculations are listed in Table III . If the needed level energy was not measured experimentally, then the level energy is calculated using the SRM with parameters from Table I ; such cases are marked by asterisk* in the Table. To validate the proposed approach, we have compared the predicted cross sections with above-mentioned sets of static deformation parameters β 2 , β 4 , and β 6 for 240 Pu and 242 Pu targets. Fig. 1 shows the experimental data vs. the results of using the three different deformation sets (labeled "nd2016 (best fit)", "nd2016+FRDM", and "nd2016+WS4") in total cross-section calculations. One can see that using the OMP [12, 13] with SRM coupled levels from Table III combined with either FRDM2012 or WS4 deformation parameters β 2 , β 4 , β 6 as static deformations leads to rather good reproduction of the experimental data above 0.1 MeV incident neutron energies. Calculated results also agree with results of using the best-fit deformation parameters ("nd2016 (best fit)"). However, there are sizeable differences between different calculations at incident energies below 100 keV, especially if we use FRDM deformations. The suggested approach performs very well for the accurately measured energy dependence of the ratio R( 232 Th; 238 U) (defined as R(A; B) = 2
) as shown in Fig. 2 . Measured ratio is reproduced within experimental uncertainty for best-fit deformation parameters ("nd2016 (best fit)" curve), and also for WS4 deformation parameters ("nd2016+WS4" curve). Predictions with FRDM2012 deformations ("nd2016+FRDM"curve) are slightly outside the experimental uncertainty band at incident neutron energy around 1 MeV as seen in Fig. 2 .
Calculated χ 2 values using available experimental data for neutron and proton induced reactions are given in Table IV for the three considered deformation sets. If we have experimental data, then we can use it to derive the best-fit values shown in column "best fit (β 2 , β 4 , β 6 )", which guarantee the lowest χ 2 . However, if no experimental data are available, then WS4 deformations result in an overall χ 2 (shown in Column 4 of Table IV) which is significantly better than the χ 2 obtained for FRDM2012 deformations (shown in Column 3 of Table IV ). Differences in χ 2 are especially large for 232 Th and 238 U targets, where many experimental data are available. Therefore, we may conclude that WS4 deformation parameters have a better predictive power to calculate optical model cross sections than those obtained from FRDM model.
Best fit deformations (in nuclides for which they can be fitted due to a sufficient amount of experimental data) reproduce very well the evaluated neutron-strength function values (S 0 ) as shown in Table V . Calculations with WS4 deformations predict S 0 -values which are much closer to the data than the ones predicted with FRDM2012 deformations as seen in the same Table. It should be noted that for actinides not having experimental data above the resonance region, but with experimentally determined S 0 , the accuracy of predicted cross sections could be further improved by adjusting β 2 to reproduce the measured neutron-strength function S 0 -value. Fig. 3 shows the comparison of calculated neutroninduced CN formation cross section for neutrons incident on 238 U target. There are no direct CN formation crosssection measurements. We have considered the best fit deformation parameters listed in Table II to define a reference calculation labelled as "nd2016 (best fit)". Such reference calculation is compared with calculations using the FRDM2012 [14] and WS4 [15] values of deformation parameters. Results using WS4 deformation parameters agree perfectly with the reference calculation in the whole energy range. Use of FRDM2012 parameters leads to higher CN formation cross sections below 100 keV. Therefore, for prediction of the CN formation cross section above 100 keV we can use both FRDM2012 and WS4 deformations. If CN formation cross sections are needed below 100 keV, it is better to use the global WS4 deformation parameters.
III. CONCLUSION
Previously developed dispersive optical model with extended couplings [8, 12] that consider volume conservation has been extended to predict nucleon-nucleus scattering cross sections on selected even-even actinides. No additional OMP parameters are needed. SRM Hamiltonian parameters had been obtained from the experimentally observed low-lying collective levels or predicted from systematics if levels are not experimentally observed. Saturated coupling scheme [13] based on SRM description of the nuclear structure is proposed to calculate the extended couplings. Equilibrium deformations are fitted to reproduce experimental data when available; otherwise static deformations should be taken from those predicted by global mass models FRDM 2012 [14] and WS4 [15] . The use of WS4 deformation parameters looks preferable to the use of FRDM2012 deformation parameters, especially to calculate neutron-induced reaction cross sections for incident neutron energies below 100 keV. A similar extension of the proposed OMP to describe odd actinides is warranted. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] were estimated by the SRM and are marked by asterisk*. a The values for this column are taken from Ref. [36] if not superseded by values from later reports by Minsk group, in which case the references [37] [38] [39] [40] are specified
